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ABSTRACT

Background: Squats and lunges are commonly prescribed rehabilitation exercises used to improve performance across
a wide spectrum of patient populations. However, biomechanical studies have mainly examined young, normal weight
populations performing these exercises at a difficulty level potentially too challenging for obese individuals. Under-
standing how obesity and different levels of difficulty affect lower extremity biomechanics could help to inform reha-
bilitation approaches used for obese individuals.

Purpose: The purpose of this study was to analyze and compare the lower extremity kinematics and kinetics in obese
and normal weight females during performance of progressively more difficult squat and lunge exercises.

Study Design: Cross-sectional study design

Methods: Ten obese females (mean age, 37.4 years; BMI 39.2 + 3.7 kg/m?) and ten normal-weight, age-matched
female controls (38.1 years, BMI < 23 kg/m?) volunteered for the study. Each group performed two exercises, each in
three different iterations: squatting at three standardized knee angles (60°, 70°, and 80°) and lunging at three stan-
dardized distances (1.0, 1.1, and 1.2 times tibial length). Three dimensional motion analysis using infrared markers
and force plates was used to calculate range of motion as well as hip, knee, ankle and support moments (normalized
for body weight). A repeated measures ANOVA model was used to determine between and within group differences.

Results: Support moments were higher in obese females for squat 70° (p=0.03) and 80° (p=0.01). Ankle extensor
moments were higher in obese females for squat 80° (p=0.04). During lunge at all levels (1.0, 1.1, and 1.2), hip exten-
sor moments were higher in obese subjects (p=0.004, 0.003, and 0.007 respectively). Within group, the support
moments were significantly higher during squat 80° than squat 60° (p=0.01) in obese females. A non-linear relation-
ship was found between hip moments and BMI during squat 60°, 70°, and 80°.

Conclusion: During two commonly prescribed rehabilitation exercises (squat and lunge), there were significantly
greater support moments in obese individuals compared to normal controls. The non-linear associations between
kinetic and anthropometric measures make the assessment of how best to approach exercise in obese individuals
challenging.

Level of evidence: Level 3
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INTRODUCTION

Squat and lunge exercises are common activities
that have become an integral part of lower-extrem-
ity strengthening and postoperative rehabilitation
programs. They are universally used with patients
across the spectrum of age and body mass index
(BMI)."* The closed-chain, multi-joint nature of
these exercises is considered part of the basic reha-
bilitation strategy that has implications for improved
performance in functional activities and gait.® Gra-
dation of these exercises not only challenges the
torque requirements across the lower limb joints,
but also challenges standing balance.**

Previous research on squat and lunge exercises has
primarily focused on electromyographic analysis to
study muscle recruitment and strengthening with
few studies focusing on the biomechanics.*®> Biome-
chanical analyses have demonstrated varying lower
limb kinetic demands during rehabilitation of ACL
reconstructive patients when performing the squat
exercise.® During the lunge exercise, the influence
of forward trunk position on lower limb kinetics,
specifically hip and knee joint moments, has been
documented.” While these exercises are used clini-
cally across the age spectrum, most studies have
been conducted on younger, normal-weight, popu-
lations.® Thus, the influence of obesity on perfor-
mance has not been documented.

Although no studies of obese individuals perform-
ing these two activities were found, previous studies
underscore the potential for adiposity to influence
activity performance.'® An increase in biome-
chanical stresses, as quantified by joint moments,
has been reported during standing forward reaching
tasks in obese subjects.'? Gilleard et al'? suggested
that increased moments were likely due to biome-
chanically disadvantageous postures used by obese
individuals, rather than their increased body mass.
Underlying these postural deviations are reductions
in joint range of motion, which may cause modi-
fication in the movement strategy, with potential
implications for increases in associated biomechani-
cal stresses.’® When performing sit to stand activi-
ties, lower hip and higher knee extensor moments
were seen in obese subjects as compared to normal-
weight subjects, attributable to limited trunk flex-
ion."® It seems possible that obese individuals may

use similar postural modifications and movement
strategies when performing rehabilitation exercises,
such as the squat and lunge, resulting in altered bio-
mechanical joint stresses, contributing to joint pain
and discomfort that is commonly experienced by
this population.

Despite the potential for biomechanical perfor-
mance differences in obese individuals, namely
increased joint stress and limited range of motion,™
when compared to normal-weight individuals, there
is no published data demonstrating that clinicians
make different recommendations when prescribing
exercises for obese individuals. Taking the biome-
chanical stresses and strategies into consideration
during common exercises may improve the reha-
bilitation approaches used for obese individuals;
specifically adult women, who are particularly at
risk for developing musculoskeletal disorders like
knee osteoarthritis.?*** The purpose of this study
was to analyze the biomechanics of obese and nor-
mal-weight females, as measured by hip, knee, and
ankle moments, during squat and lunge exercises.
It was hypothesized that restricted joint mobility in
obese females would be associated with decreased
hip and increased knee joint moments as compared
to normal-weight females, and that these differences
would be more evident as the level of difficulty of
squat and lunge increased.

METHODS

Participants

Ten obese females (BMI > 30 kg/m?), age 37.4 + 3.7
years, BMI 39.2 + 3.7 kg/m? and ten normal-weight
(BMI< 23 kg/m?*), age-matched, female controls, age
38.1 + 4.5 years, BMI 21.6 + 2.3 kg/m?, volunteered
for the study. All subjects provided informed con-
sent prior to participation in the study.

Procedures

The study protocol was approved by the Institutional
Review Board of the University of Towa, Iowa City,
IA. The subjects came to the laboratory for a sin-
gle session, when all necessary data was collected.
Height, weight, waist circumference, hip circumfer-
ence and tibial length were recorded prior to testing.
Waist circumference was measured at the level of
the right iliac crest and hip circumference was mea-
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sured at the widest part of the hip with a Gulick II
tape measure (Country Technology Inc., Gays Mills,
WI). Triads of infrared emitting diodes (IREDs) were
placed on the pelvis and trunk, and bilaterally on
the thighs, legs, and feet. Markers were affixed to the
lateral aspect of the foot, to the shaft of the tibia, and
to the lateral aspect of the thigh. Femoral epicondyle
motion was tracked by two markers mounted on a
custom femoral tracking device.'* Pelvic and trunk
marker triads were attached to 5 cm extensions with
base plates affixed over the sacrum and lower cervi-
cal vertebrae (Figure 1).

A link-based model was generated for tracking each
segment. Anatomical landmarks were digitized,
relative to segment local coordinate systems, with
the subject standing in a neutral position, to create
an anatomical model. Segment principal axes were
defined by digitizing the following bony landmarks:
Pelvis: anterior and posterior superior iliac spines;
Trunk: C-7 and L-1 vertebrae and glenohumeral
joints; Thigh: lateral condyle, medial condyle and
functional hip joint center; Shank: lateral condyle,
medial condyle and malleoli; Foot: posterior heel, 5%
metatarsal head, and second toe.!>'® The functional
method was used to estimate the hip joint center.!”
The reliability of digitizing the anterior superior iliac
spine (ASIS) was verified on six obese and seven nor-
mal-weight adult subjects by re-digitizing the ASIS
landmarks at the end of the digitizing process. The
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respective ICC for the X, Y, Z locations for obese/
normal-weight subjects was 0.93/0.99;0.92/0.86; and
0.99/0.99.

Kinematic data were collected using an Optotrak
motion analysis system (Model 3020, Northern Digi-
tal Inc., Waterloo, Ontario, Canada) operating at 60
Hz. Kinematic data were filtered at 6 Hz, using a
zero phase lag, fourth-order, Butterworth low pass
filter. Kinetic data were obtained using a Kistler
force plate (Kistler Instruments, Inc., Amherst, NY).
The force plate data were sampled at 300 Hz, and
were filtered at 6 Hz. Visual 3D software (C-Motion
Inc. Kingston, Ontario) was used to perform link-
segment calculations.

Testing sessions included two trials of each difficulty
level of the squat and lunge. The squat protocol con-
sisted of squatting down, feet shoulder width apart,
with right foot on the force plate and held for three
seconds at three different knee angles: 60°, 70°, and
80° of knee flexion (full knee extension being 0°)
(Figure 1). Real time feedback, showing a target line
and a line representing the right knee angle in real-
time, was used to achieve the desired knee angle.'®
The forward lunge was held for three seconds, with
feet shoulder width apart and positioned on the
force plates, at three different distances between
heel and toe: 1.0, 1.1, 1.2 times subject’s tibial length
(Figure 1)."

- (e VT =N "=l VISUAL3D PROFESSIONAL™

Figure 1. The skeletal model of an obese female subject during squat exercise (left), placement of markers (center) and lunge exercise

(right)
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Data Analysis

Visual 3D software (C-Motion) was used for process-
ing kinematics and inverse kinetics. The moments
were normalized to body weight. Lower limb range
of motion at the hip, knee and ankle, and trunk seg-
ment flexion angles, were determined from link-
segment analysis. Mean values, while holding each
position for three seconds, were calculated for lower
limb joint range of motion, net joint moments and
support moment (summation of the lower limb
ankle, knee and hip extensor moments). The mean
of two trials, for both activities, was used for further
analysis.

Statistical Analysis

Descriptive statistics in the form of means and stan-
dard deviation were estimated. A repeated measures
ANOVA model (3x2; joint moments by level of dit-
ficulty) with group (obese versus normal-weight) as
a between subject factor was fitted to investigate dif-
ferences in hip, knee, ankle and support moments
across three levels of difficulty for the squat and for
the lunge. A group-by-level of difficulty interaction
effect was included in the model. Pearson correlation
coefficients were estimated to quantify the strength of
the linear association between moments and range of
motion. Regression analysis was performed to define
relationships between BMI or other anthropometric
measures and moments. SPSS 21.0 was used for anal-
ysis with p-value < 0.05 considered significant. All
results are presented as means + standard deviation.

RESULTS
All 20 subjects (10 obese and 10 normal-weight)
recruited for the study completed the protocol. No

differences were seen in hip, knee, or ankle range of
motion between obese and normal-weight subjects
during the squat or lunge (Table 1); specifically, no
differences were seen for knee range of motion for
squat 60°, squat 70°, or squat 80° indicating that
both groups performed the squat to a similar depth.
Also, no significant differences were seen in trunk
flexion angle between the two groups for the squat
or lunge (Table 1).

For the squat, normalized hip and knee extensor
moments in obese subjects were not different than
normal-weight subjects at any degree of squat angle.
Ankle extensor moments were higher in obese sub-
jects for squat 80° (p= 0.04) (Table 2). The support
moments were higher in obese subjects, as com-
pared to the normal-weight subjects, for squat 70°
(p= 0.03) and squat 80° (p= 0.01), but not differ-
ent for squat 60° (p= 0.07). Within groups, the sup-
port moments between squat 80° were greater than
squat 60° in obese subjects (p = 0.01) (Figure 2).

For the lunge, hip extensor moments were higher in
obese subjects at all three levels: 1.0, 1.1, and 1.2 leg
length (Figure 3). Knee and ankle extensor moments
were not different between obese and normal-weight
groups at any difficulty level of lunging (Table 2). Sup-
port moments showed an overall group effect between
obese and normal- weight subjects (p = 0.01).

Pearson correlation coefficients calculated between
extensor moments (hip and knee) and range of
motion were stronger in obese subjects as compared
to normal-weight subjects. For lunge, the correla-
tion coefficients were significant in obese subjects
and higher in magnitude as compared to normal-

Table 1. Hip, knee, ankle and trunk range of motion for different levels of

squat and lunge exercises in obese and normal weight subjects.

Hip Knee Ankle Trunk

Obese Normal  Obese Normal Obese Normal Obese  Normal
Squat 60° 64.7 62.3 59.6 57.5 119.6 119.3 33.7 34.4
(19.2) (22.5) (7.9) (6.7) (5.8) (7.3) 9.2) (14.9)
Squat 70° 75.6 71.4 68.4 66.2 121.8 122.7 37.8 359
(23.2) (25.0) (8.5) (7.5) (6.3) (7.3) (11.0) (15.6)
Squat 80° 85.0 82.4 78.3 75.3 124.1 125.5 41.2 40.6
(24.2) (24.9) 9.3) (7.5) (5.7) (6.8) (12.0) (15.4)
Lunge 1.0 98.4 89.1 83.6 86.7 109.3 117.2 37.6 30.9
’ (12.2) (20.9) (12.7) 9.3) (6.9) (10.6) (7.8) (12.0)
s 1 102.4 91.4 88.0 85.9 109.2 114.1 37.3 31.2
’ (12.8) (19.9) (11.5) (11.1) (7.4) (10.5) 9.4) (12.1)
Lunge 12 102.4 92.7 88.3 86.5 109.2 112.8 37.0 30.5
’ (14.3) (17.7) (13.4) (10.0) (8.9) 9.3) 9.2) (11.6)
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Figure 2. The support moments between squat 80° were
greater (*) than squat 60 ° in obese subjects (p = 0.01). No differ-
ences were seen for normal weight subjects
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Figure 3. For the lunge, hip extensor moments were greater (*)
in obese than normal weight subjects for level 1, 1.1 and 1.2
(p-values: 0.004, 0.003 and 0.007 respectively)

weight subjects at the hip and knee joints (Table 3).
For squat, significant correlations were seen at the
hip in both obese and normal-weight subjects (Table
3), whereas the correlations were only significant in
obese subjects at the knee joint.

There was no linear association between BMI,
waist circumference, or waist to hip ratio and joint
moments for the squat or lunge at different difficulty
levels. However, when the data were split into obese
and normal-weight subjects based on BMI, obese
subjects showed a stronger relationship (R*=0.46) as
compared to normal-weight subjects (R*=0.26) for
hip extensor moments for squat 60°. Also, there was
a non-linear relationship between peak hip exten-
sor moment and BMI for squat 60° (Figure 4). Simi-
lar non-linear relationships were seen for squat 70°
(R*=0.42) and squat 80° (R*=0.39). A moderate rela-
tionship was seen for ankle (R?=0.14) for squat 60°,
but no relationship was seen for the knee during the
same squat (R*=0.03).

DISCUSSION

The purpose of this study was to analyze the biome-
chanics during the squat and lunge of obese and nor-
mal-weight females, as measured by hip, knee and
ankle moments. For the squat, the normalized sup-
port moments were higher in obese subjects when
performing the two deeper squats (squat 70° and
80°). The lunge exercise showed group differences
in normalized hip moments and support moments
for all difficulty levels (lunge 1.0, 1.1 and 1.2). Joint
range of motion was not different between obese
and normal weight subjects for either activity; how-
ever, the association between range of motion and
extensor moments was greater in the obese women
when compared to controls. The results suggest that
obese individuals may experience higher biome-
chanical loads than normal-weight individuals while
performing basic rehabilitation exercises at varying

Table 2. Hip, knee, ankle extensor and support moments for different levels of

squat and lunge exercises in obese and normal weight subjects.

Hip Knee Ankle Support

Obese Normal Obese Normal Obese Normal Obese Normal

0.22 0.12 0.67 0.59 0.28 0.19 1.18 0.92

Squat 60° (0.24) (0.17) (0.10) (0.22) (0.16) (0.10) (0.25) (0.27)

0.29 0.17 0.73 0.66 0.31 0.20 1.33% 1.03*

Squat 70° (0.28) (0.18) (0.12) (0.23) (0.19) (0.13) (0.32) (0.30)

0.37 0.24 0.82 0.75 0.34 0.20 1.53* 1.18*

Squat 80° (0.30) (0.18) (0.12) (0.26) (0.19) (0.11) (0.36) (0.34)

1.32* 0.96* 0.53 0.64 0.42 0.45 2.33 2.07

Lunge 1.0 (0.27) (0.39) (0.15) (0.30) (0.20) (0.26) (0.36) (0.65)

1.41% 1.07* 0.53 0.56 0.43 0.42 2.44 2.05

Lunge 1.1 (0.28) (0.38) (0.16) (0.29) (0.20) (0.25) (0.42) (0.64)

1.48* 1.14* 0.50 0.52 0.47 0.40 2.52 2.07

Lunge 1.2 (0.32) (0.39) (0.22) (0.24) 0.21) (0.22) (0.47) (0.59)
*Significant difference between two groups (p<0.05)
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Table 3. Pearson correlation coefficients between moments

and range of motion at hip and knee joint for squat and
lunge exercises.

Hip Knee
Squat Squat Squat Squat Squat Squat
60° 70° 80° 60° 70° 80°
Obese 0.89* 0.95% 0.92* 0.86* 0.68* 0.59*
Normal 0.63* 0.57* 0.61* 0.14 0.29 0.30
Hip Knee

Lunge Lunge Lunge Lunge Lunge Lunge
1.0 1.1 1.2 1.0 1.1 1.2
Obese 0.67* 0.77* 0.75% 0.64* 0.77* 0.64*
Normal 0.38 0.36 0.28 0.04 0.19 0.01
*Significant correlation (>0.48 )
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Figure 4. Relationship between peak hip extensor moments for
obese and normal weight subjects for squat 60°. The non-linear
polynomial fit showed a moderate relationship between hip
moments and BMI

degrees of difficulty. Therefore, obesity should be
considered as a factor when prescribing squat and
lunge exercises.

A recent study of normal-weight subjects reported
similar magnitudes for knee extensor moments dur-
ing the squat exercise.® Support moments have also
been used to characterize squat and stoop lifting
techniques in normal-weight individuals.®® When
moments were compared for the 60-80 degree range
of knee flexion, the magnitudes were similar to the
current study.

It was hypothesized that during squatting, obese
subjects would have higher knee moments than
normal-weight subjects. While no significant differ-
ences were seen specifically in the knee moments,
the support moments were higher in obese subjects
as compared to normal weight subject during squat-
ting. In addition, hip moments increased by nearly
100%, but the increase was not statistically signifi-
cant. The increase in the net extensor moments

across the three lower limb joints points to the pos-
sibility of higher generalized joint stress in obese
subjects during squatting.

Analysis of the lunge exercise data showed an increase
in the hip moments for the obese group and no differ-
ences in the knee and ankle moments. These results
were contrary to the hypothesis that hip moments
would decrease due to limits in trunk flexion, as
has been reported in previous work on sit to stand
activities in obese compared to normal-weight indi-
viduals."* However, in the current study there was no
difference in trunk flexion between the obese group
and the normal-weight group, so the increase in hip
moments in the obese group could be due to mass
distribution, i.e. bringing the center of mass forward.
A recent study of the effect of adding an external load
on the biomechanics in young, normal-weight indi-
viduals during lunge exercises, showed an increase in
hip extensor moments with little change in the knee
moments.? It could be argued that the external weight
simulated the excess adipose tissue in obese individu-
als, causing a similar increase in hip moments. This
association was reinforced with the findings of a mod-
erate relationship (R*=0.22) between hip moments
and waist to hip ratios in the obese group, implying
that relatively greater abdominal adiposity may be
associated with greater hip moments.

Although there were no significant differences in
range of motion between the obese and normal-
weight groups for either activity, stronger correla-
tions between moments and range of motion were
seen in the obese group. These higher correlations,
in combination with higher support moments, might
point to subtle restrictions in movement capability,
which gave the obese group less flexibility in how
they accomplished the squat and lunge exercises.
Evidence supporting this is also seen in the standard
deviations for the trunk and hip ROM (Table 1) which
were consistently less in the obese population.

Additionally, a non-linear relationship between hip
moments and BMI was found (Figure 4). A non-
linear relationship indicates that an increase in
BMI was not proportionally related to an increase
in hip moments. Instead, this relationship followed
a polynomial curve, suggesting the possibility of a
ceiling effect in subjects with higher BMIs. A similar
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ceiling effect has been postulated for gait in obese
individuals with BMI greater than 30 kg/m? and
was attributed to development of neuromuscular
adaptations during gait in response to BMI or excess
body mass.?** Similar adaptations or compensatory
adjustments enabling obese individuals to reduce
the joint stress relative to their BMI could explain
the results in the current study.

The present study had certain limitations. First, it
only examined the squat to a depth of 80 degrees
of knee flexion, while some previous studies used
a greater range of motion for squatting.?** The cho-
sen range of motion for squatting resulted from
pilot work where obese females were reluctance to
perform deeper squats and due to safety concerns.
Similar concerns limited the farthest lunge to 1.2
times the tibial length. These concerns were likely
not an issue for the normal weight subjects who
likely could have completed more challenging ver-
sions of these activities. Additionally, while subjects
were instructed in the task and allowed to practice,
their performance was not uniform. The strategies
employed by subjects to reach the final position of
the squat and the lunge exercise might have influ-
enced their static posture and thus, the moments.
Finally, the sample size may have limited the ability
to find statistically significant differences in some
of the outcome measures. As no previous studies
on squat and lunge have been conducted in obese
individuals, a sample size calculation was not fea-
sible before the start of the study. However, post-hoc
power analysis based on the means from the current
study showed good power (0.85) for lunge exercise,
but low power (0.40) for squat trials.

CONCLUSION

Clinicians commonly progress rehabilitation proto-
cols by increasing the difficulty of the exercise: by
either increasing the depth of the squat or increasing
the distance between feet during the lunge. The cur-
rent study identified significant increases in lower
limb kinetics in obese individuals during these squat
and lunge exercises. These stressors may have con-
sequences for obese individuals where there is also
an increased likelihood of joint pathology; therefore,
using the same exercise progressions for both obese
and normal-weight individuals may not be opti-
mal.?® In addition, the sensitivity of joint moments

to changes in ROM is greater for obese individuals,
which would suggest that clinicians might need
to be more sensitive to subtleties in performance.
Finally, the non-linear associations that have been
uncovered between anthropometric measures and
kinetic measures make the assessment of how to
best approach exercise in this population even more
challenging. This results of this study suggest the
need to consider obesity as a factor in exercise pre-
scription and demonstrates the complexity of factors
that interact to influence kinetic measures.
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